Caenorhabditis elegans hermaphrodites switch from making sperm to oocytes. This switch involves repression of fem-3 mRNA, mediated by a protein that binds RNA through a conserved motif; a similar motif mediates RNA binding by the Drosophila patternregulatory protein Pumilio.
In many animals, 3′ UTR regulation plays an important role in maintaining the mRNAs that are stockpiled during oogenesis in a translationally quiescent state prior to fertilization. In the fruitfly Drosophila, the anterior-posterior axis is determined in part by protein gradients, the establishment of which involves specific RNA localization and translational repression under 3′ UTR control. Similarly, in the nematode Caenorhabditis elegans, blastomere identity is mediated, in part, by regulation of glp-1 through its 3′ UTR. In many cases, the importance of 3′ UTR sequences in mediating translational repression has been demonstrated using reporter constructs. But in organisms amenable to genetic analysis, such as nematodes and flies, mutations have been identified that specifically disrupt sequences in the 3′ UTRs of genes involved in regulating cell-fate choice. One example is the fem-3 gene, which plays a key role in the switch from spermatogenesis to oogenesis that occurs during the lifetime of C. elegans hermaphrodites.
The C. elegans hermaphrodite is self-fertile, first producing a limited number of sperm before switching to produce oocytes for its remaining life span ( Figure 1a ). This brief period of spermatogenesis requires the activity of malepromoting genes in an animal that is otherwise female. Moreover, the activity of these genes must be temporally and spatially restricted, not only to allow the germ line to switch from producing sperm to oocytes, but also to prevent inappropriate masculinization of hermaphrodite somatic tissue.
The first clue that the sperm-to-oocyte switch is regulated by fem-3 came from the analysis of fem-3 mutants. The fem-3 gene is required for male somatic development and for spermatogenesis in both sexes. Loss-of-function fem-3 mutations feminise by transforming animals that would normally develop as males or hermaphrodites into females (which can be thought of as hermaphrodites that produce oocytes but not sperm). By contrast, gain-offunction fem-3 mutations masculinise the hermaphrodite germ line, and do not affect males or the hermaphrodite soma. Hermaphrodites with a gain-of-function fem-3 mutation do not make oocytes, as they fail to undergo the switch from spermatogenesis to oogenesis; instead, they produce an excess of sperm (Figure 1b) . Most gain-offunction fem-3 mutants were found to have a single base change within a five-nucleotide region of the 3′ UTR of fem-3 mRNA designated the 'point mutation element' (PME; Figure 2 ) [3] . These results suggested that germline repression of fem-3 is essential to allow the switch from spermatogeneis to oogenesis in hermaphrodites, and that this repression is likely to occur post-transcriptionally through the fem-3 3′ UTR.
The question naturally arises as to the nature of the transacting factors and mechanisms responsible for controlling activity through the fem-3 3′ UTR. In a recent series of elegant experiments, Zhang et al. [4] have identified a trans-acting factor, named FBF for fem-3 binding factor, that specifically interacts with the PME of the fem-3 3′ UTR. C. elegans FBF was detected in a yeast three-hybrid screen, using a bi-functional RNA bait containing two tandem copies of a 37 nucleotide sequence centered on the PME of the fem-3 3′ UTR ( Figure 2 ). This innovative technique, which evolved from the familiar two-hybrid screen, promises to facilitate the identification of RNAdependent binding proteins that recognize sequence-specific elements. Binding of FBF was shown to be specific for the wild-type fem-3 PME; no interaction was detected between FBF and mutant versions of the PME or with various other control RNA sequences.
The original three-hybrid clone encoding FBF hybridized to two distinct cDNAs corresponding to the fbf-1 and fbf-2 genes, which are 93% identical in nucleotide sequence and 91% identical in encoded amino-acid sequence. The activities of fbf-1 and fbf-2 are apparently redundant, so they are referred to collectively as fbf, and their protein products as FBF. Consistent with its proposed role as a germ-line repressor of fem-3 activity, fbf mRNA and protein both appear to be restricted in expression to the germ line [4] .
What is the effect of eliminating fbf activity on the hermaphrodite germ line? It is strongly predicted that, if FBF is the fem-3 germ-line repressor, then abolishing fbf activity should mimic the gain-of-function fem-3 mutant phenotype and produce an animal with a masculinized germ line. To test this prediction, Zhang et al. [4] used a powerful technique called 'RNA-mediated interference' (RNAi). This technique allows genes that have been cloned to be inactivated: RNA corresponding to part of the gene sequence is introduced into the organism, and this interferes with the gene's expression. In this case, fbf RNA was microinjected into the hermaphrodite germ-line syncytium, eliminating both maternal and zygotic fbf gene activity and generating mutant progeny [5] . Both fbf-1(RNAi) and fbf-2(RNAi) animals were found to be predominantly masculinized in the germ line. Taken together, the various lines of evidence strongly indicate that FBF is an RNA-binding protein that represses fem-3 germ-line activity through the PME in the fem-3 3′ UTR in order to allow the sperm-oocyte switch.
The most remarkable feature of FBF is the presence of eight copies of a 36 amino-acid motif with a conserved core region, similar to part of the Drosophila Pumilio protein. Pumilio is involved in embryonic pattern formation, repressing maternal hunchback (hb mat ) mRNA by interacting with two copies of a 16 nucleotide sequence in the hb 3′ UTR, known as the Nanos response element (NRE) Figure 2 The yeast three-hybrid system used by Zhang et al. [4] [6] . Deletion analyses of FBF and Pumilio have shown that the eight repeats plus short flanking sequences found in each protein constitute a novel RNA-binding domain [4, 7] . Are the RNA sequences recognized by these two proteins also conserved? No consensus sequence has yet been revealed by simply aligning the PME and NRE, though both elements are U-rich ( Figure 3 ). Experiments by Zamore et al. [7] suggest that the trinucleotide UGU forms a core binding site for both Pumilio and a human Pumilio homolog, and it is notable that a UGU sequence also adjoins the nematode PME ( Figure 3 ).
In Drosophila, both Nanos and Pumilio are required to repress hb mat activity; flies carrying gain-of-function mutations in the hb mat NRE, or loss-of-function mutations in pum or nos, fail to develop abdominal segments (reviewed in [1] ). Translational repression of hb mat mRNA is spatially controlled, forming a Hunchback protein gradient from the anterior (high) to the posterior (low) end of the Drosophila embryo. Although Pumilio binds specifically to hb mat NREs, it is uniformly distributed throughout the embryo. Nanos, on the other hand, is asymmetrically expressed in a gradient complementary to that of Hunchback, but it does not bind specifically to hb mat NREs [6, 8] .
These observations have led to the hypothesis that Pumilio binds to hb mat NREs, and Nanos is recruited to a Pumilio-containing complex, thereby providing spatial specificity to hb mat repression [6, 8] . Nanos and Pumilio are also required for germ-line stem-cell development, but here they appear to have distinct roles because their germline mutant phenotypes are not identical [9] . This suggests that Nanos and Pumilio might have different partners in the germ line.
In C. elegans, an additional six genes, mog-1 to mog-6, are also likely to participate in the sperm-oocyte switch, as loss-of-function mutations in each cause a 'masculinization of the germ line' (MOG) phenotype resembling that caused by gain-of-function fem-3 mutations [10] . By analogy to Drosophila, one or more of these MOG proteins might partner FBF to regulate fem-3 germ-line activity. A Nanos homolog might also be involved -at least two such Nanos-related proteins have been identified by the C. elegans sequencing consortium. Such a protein might interact with FBF or perhaps a different C. elegans Pumilio homolog (see below).
The mechanism by which FBF restricts the germ-line fem-3 activity is presently unknown. The length of the fem-3 poly(A) tail is increased in nematodes with gain-offunction fem-3 mutations [3] , and it is known that changes in poly(A) tail length affect mRNA stability and translational efficiency. More specifically, there is evidence that Nanos and Pumilio promote cytoplasmic deadenylation of hb mat mRNA, which in turn, might lead to translational repression of hb mat mRNA [11] . But it remains to be shown whether these changes in poly(A) tail length are the cause or consequence of translational regulation.
Proteins containing the FBF and Pumilio minimal RNAbinding domain are evolutionarily conserved, as proteins with similar domains have been found, not only in nematodes and flies, but also in yeast, Arabidopsis and humans. The domain defines a protein family, members of which are referred to as Puf -for Pumilio and FBF -proteins [4, 7] . Detailed sequence comparisons indicate that Puf proteins can be further sub-grouped according to the relatedness of the eight repeats and adjacent flanking residues [4, 7] . Given what has been learned about the conservation of Puf protein activity in C. elegans and Drosophila, it will be of interest to determine whether all Puf family members operate through 3′ UTR elements to repress gene activity, and whether the temporal and spatial specificities of Puf proteins are controlled by their interacting partners. Further characterization of these systems should also lead to an understanding of the mechanism by which Puf proteins control gene activity. Alignment of the RNA sequences PME and NRE, which form binding sites for the related proteins C. elegans FBF and Drosophila Pumilio, respectively. The five nucleotide PME sequence is indicated in upper case letters; nucleotides that are not part of the PME are shown in lower case. Asterisks indicate the bases affected by the gain-offunction fem-3 mutations. The UGU sequence associated with the PME is indicated by bold letters; a second, adjacent UGU sequence is indicated by brackets. A single Drosophila NRE has been subdivided into box A and box B, representing the conserved regions of the NRE. A core UGU binding sequence is indicated by bold letters. 
